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Abstract 
Building centralized sludge treatment plants are a beneficial way to properly treat dewatered sludge from wastewater treatment 
plants, in which excess sludge haven’t been treated properly. Thus, as the directly control parameter in municipal sludge 
treatment process, sludge rheological data are required for optimized design and operating in pumping and mixing. The main 
objective of this study was to investigate the rheology of municipal wastewater sludge, especially the different rheological 
behaviour for sludge from sludge treatment process-stream with or without anaerobic digestion. Besides, the dependency of 
sludge rheology on solid concentration and temperature and the predictive capability of rheological models were also 
investigated. The results revealed that the sludge samples showed shear-thinning and thixotropic characteristics. It was found that, 
irrespective of the existence of anaerobic digestion, sludge samples all performed a qualitatively same rheological behaviour, 
while they quantitatively behaved differently. It was also proved that both solid concentration and temperature effected sludge 
rheology critically. The best correlation between limit viscosity or the value of sludge thixotropy and solids concentration were 
determined by regression analysis. In this study, the Ostwald de Vaele model fits the experimental data best.   
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ɒ             shear stress (Pa s-1) 
ɒ଴           yield stress (Pa s-1) 
Ʉ             apparent viscosity (mPa s) 
Ʉஶ          limit viscosity (mPa s) 
rHa         reduced hysteresis area (Pa s-1) 
k             fluid consistency coefficient (Pa s-1) 
n             fluid behaviour index (Dimensionless) 
1. Introduction 
Sludge treatment and disposal is the key part of wastewater treatment plants (WWTPs). With proper sludge 
treatment and disposal(e.g. anaerobic digestion or incineration), environmental problems (e.g. odours, volumes and 
putrescence) can be avoided, and energy reuse (e.g. biogas gathering, production for building materials or 
bioflocculants or biofertilizers) can be realized1,2,3. Nevertheless, the situation in China is quite challenged, for the 
reason that 1/3 of the WWTPs are lack of sewage sludge treatment, 1/3 of the WWTPs doesn’t well treat sewage 
sludge, while the rest conducts a relatively effective sludge treatment process. In order to improve current situation 
of sludge treatment and disposal, the energy resource recovery centers have been introduced as a way of collectively  
treating sludge from small or old WWTPs, in which sludge treatment process either don’t exist nor be every simple 
(only consist of thickening and dewatering). Whereas, this project is quite challenging because it deals with a very 
fundamentally scientifically poorly understood and unpredictable materials4. Therefore, an accurate evaluation of 
sludge characterization is of great necessity. 
The complexity of the sludge composition makes it difficult to summarize its characterization 5. Concerning its 
bio-chemical and physic-chemical properties, large research and conclusion have been made 6, while sludge 
rheological characteristics can be studied further. Because the tight correlation between the sludge rheological 
properties and the hydrodynamic functioning, and its essential role in heat and mass transfer 7, sludge rheology 
provides a extend point of view for optimizing the design and operating of sludge treatment process and facilities. 
Not only did it successfully optimized the process of activated sludge 8, but also did it improved the operation of 
sludge treatment9,10. In other words, with a general and comprehensive understanding of sludge rheology, it could be 
optimized concerning the working conditions and scaling-up calculation of tanks, settlers, pumping stations or 
installations for sludge transport and storage 9. 
According to Slatter’s research11, Measuring the rheological characterization of sludge can be put into 3 parts: (1) 
viscometry, (2) rheological modeling, and (3) correlation of parameters. Viscosity is defined as the ratio of shear 
stress to shear rate. As the the viscosity of sludge is not constant and needs to be determined by its fluid-dynamic 
condition, ‘apparent viscosity ’ was introduced 12, which could be calculated from the flow curves measured by 
rheomoters. Among various commercial available rheometers, rotational and capillary are the most common used 
ones7. The obtained data can be evaluated by the rheological models, from which characteristics can be distinguished 
such as shear thinning or pseudoplastic behavior and shear thickening or dilatant property13,14. Solids concentration, 
temperature, particle size distribution, yield stress (ɒ଴) and fluid consistency coefficient (k), sludge type, wastewater 
treatment process and sludge treatment process, etc., are parameters affecting sludge rheology, among which the 
solid concentration was confirmed to be the most effecting one11.  
This study intends to establish a basic rheological characterization of for the objective sludge of the energy 
resource recovery centers underbuilding in China, especially for sludge from different origin. Besides the impact of 
solid content and temperature were examined. This provides fundamental and relatively comprehensive information 
on the rheological behavior of municipal sewage sludge for optimizing design of the mentioned sludge treating 
centers. 
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2. Materials and methods 
2.1. Sewage sludge 
Samples were collected from the outlet of the sludge dewatering workshop in the WWTP (Beijing, China), which 
handles 1 000 000ଷ  municipal wastewater per day with an A2O process. This plant has two series of sludge 
treatment processes. One has the part of anaerobic digestion, while the other doesn’t. Sludge samples from these two 
processes will be henceforth referred to as A and B. The typical physic-chemical parameters of the original sludge 
samples were tested according to Standard Methods15, and presented in Table 1. In this experiment, every sample has 
been diluted with purified water to total solids (TS) concentration of 4.0%, 7.0% and 10.0%. These three TS 
concentration represent the typical values for the TS contents of the feedstock for mesophilic anaerobic digestion, 
the incoming sludge for energy resource recovery centers, or the feedstock for thermophilic anaerobic digestion. To 
further study the correlation of rheological parameters and solids concentration, two more points of TS contents (i.e. 
8% and 9%TS) were added.  
Table 1 Physicochemical properties of sludge 










Total alkalinity  
(CaCO3ˈmg/kg DS) 
A 20.02 75.38 6.94 2610.85 9070.09 
B 18.13 49.24 7.92 4336.03 14225.67 
2.2. Rheological  measurements 
In this study, a rotational rheometer ( Haake viscotester 550) was used, connected to a temperature controlled 
water bath. The rheometer was equipped with a MV measuring rotor system, with an inner diameter of 38.72mm and 
an outer diameter of 42.00mm. The gap between the spindle and the cup is 1.64mm. Prior to each measurement, 
sludge sample was set in the rotor drum, waiting the temperature rose to the set value. All experiments were 
conducted following 3 steps: 
x Conducting a linear increase of shear rate from 0s-1 to 300s-1 in 76 seconds, 
x Maintaining the shear rate at 300s-1 for 5 seconds, 
x Conducting a linear decrease of shear rate from 300s-1 to 0s-1 in 76 seconds 
For samples with different TS concentration, rheological tests were performed at temperatures of 20ć, 35ć, 
55ć, respectively, corresponded to room temperature, typical temperature range for mesophilic anaerobic digestion 
and thermophilic anaerobic digestion. The objective of this work was to investigate the viscous and viscoplastic 
properties of municipal sewage sludge from different origin, and to find out the effect of TS concentration and 
temperature on sludge rheological behavior. The value of limit viscosity (ߟஶ) was determined by the asymptote 
value of viscosity-time curve16. The thixotropy was evaluated by the area of the thixotropic loop, which referred to 
as reduced hysteresis area (rHa)8. 
2.3.  Rheological data processing and analysis 
In order to quantificat the experimental results of the dependence of the shear stress to the shear rate, 3 
mainstream rheological models were used for matching, including Ostwald de Vaele model (eq.1), Herschel-Bulkley 
model (eq. 2) and Bingham model (eq. 3)11.  
ɒ ൌ  כ γ୬                                                                                        (1) 
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ɒ ൌ ɒ୭ ൅  כ γ୬                                                                               (2) 
τ ൌ τ୭ ൅ η כ γ                                                                                  (3) 
 In order to find the most suitable model for the experimental data, the Regression Coefficient (R2) was 
introduced to evaluate the model predictive capability. The statistical significance was checked by the F-test. The 
value of fluid consistency coefficient (k) and fluid behavior index (n) could be computed in different rheological 
model equation.  
Different models also used, trying to find the best relationship between solids concentration (independent variable 
x) and  ߟஶ, rHa (dependent variable y). The power model (eq.5) and the exponential model (eq.6) were used. 
 ൌ  ή ୠ                                                                                       (4) 
 ൌ  ή ௗή௫ሺͷሻ
 Where a, b, c, d are model parameters. To assess the predictive capability, the Regression Coefficient (R2) was 
used. The statistical significance was checked by the F-test as well. 
3.  Results and discussion 
3.1. Sludge rheological characteristics   
With the purpose of investigating and comparing the rheological behavior for A and B, the flow curves 
(rheograms) and apparent viscosity as a function of shear rate were plotted in Figure 1. As depicted in Figure 1(a), 
both sludge performed a non-linear relationship between shear stress and shear rate, which certified sludge is non-
Newtonian. The apparent viscosity for A and B decreased dramatically at the beginning of shear rate increase, and 
then tended to a relatively constant value (Fig.2). During this process, sludge tended to be less viscous, 
demonstrating a shear-thinning (pseudoplastic) behavior.  
 
 
Fig. 1. Flow curves for A and B: (a) with different TS content at 35ć; (b) with 10% TS content at different temperature. 
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 Dependency of shear stress on solids 
concentration was demonstrated in Fig.1 (a). For A 
and B, the shear stress increased with the increase in 
solid concentration, and the increment in shear stress 
was higher with higher sludge solid concentration. 
The difference between A and B was more obvious at 
higher solid concentration. This is probably due to the 
enhancement of particle-particle interactions during 
the concentration of solid substances. According to 
Seyssiecq et al17, which stated that, as the inner 
particles got closer to each other, a network of 
particles formed, facilitating the interaction of sludge 
particles greatly. This also interpreted by Baroutian18, 
with the increase in sludge solid contents, the content 
of polysaccharide and protein increased, which are the 
significant for rheological behavior19. 
 The effect of temperature on shear stress was 
illustrated in Fig.1 (b). Both A and B tended to decrease in shear stress with the enhancement in temperature, which 
can be ascribed to the reduction of cohesive forces between the inner molecules in sludge18. The shear stress change 
was more evident in A than B. This means the dewatered sludge with a process of anaerobic digestion have higher 
duration to temperature change. Specifically, for B, the absolute change in shear stress was almost the same at 
relatively low or intermediate shear rate, while the variation of shear stress value behaved quite differently at higher 
shear rate, which may be explained by the mutual interaction change during the shear rate increment20. 
To better describe the sludge rheology, lots of research introduced the parameter of limit viscosity (ߟஶ)8,16. To 
compare viscosity variation with sludge from different origin, the limit viscosity for A and B with 4%-10% solids 
concentration at temperatures at 20ć, 35ć and 55ć are presented in Table 2, and plotted in Fig.4. Limit viscosity 
increased with the increase in solids concentration and the decrease in temperature (Fig.4), which results from inter-
particle actions. Besides, the variation in limit viscosity was more remarkable when the solids concentration 
increased (varied from 6.93% to 58.46% for A and 7.36% to 59.84% for B). The impact of temperature on limit 
viscosity was less visible when sludge was in low solids concentration and tended to be more evident in higher solids 
concentration. It was proved by Fig.3 (a) that temperature had a greater influence on B rather than A.  
 
Fig. 2. Apparent viscosity as a function of shear rate for A and B at 35ć 
  
Fig. 3. Limit viscosity for A and B as a function of (a) TS content at different temperature; (b) temperature in typical TS content.  
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 Table 2 Limit viscosity value, rHa value and Ostwald de Vaele parameters value for A and B  
T(ć) 




















10 412.69 2643.03 55.83742 0.21273 542.2 2003.24 36.39889 0.21922 
9 177.19 1668.76 9.03249 0.3075 222.75 1273.97 10.4061 0.3165 
8 95.35 750.04 4.06049 0.33831 111.46 573.62 4.6186 0.3386 
7 65.68 470.95 3.44462 0.38928 74.68 354.36 3.19081 0.32536 
4 9.82 109.06 0.19348 0.4699 8.39 106.57 0.14995 0.59243 
35 
10 291.56 1734.16 50.9802 0.2374 498.01 1726.16 21.9824 0.1894 
9 126.14 1145.93 8.7532 0.3189 206.58 1130.12 9.2291 0.3208 
8 72.37 608.76 4.3774 0.3433 98.84 526.71 3.6513 0.3481 
7 55.24 414.89 3.25568 0.39724 60.77 336.57 2.5338 0.3424 
4 8.59 118.59 0.18681 0.4832 7.37 108.64 0.089 0.5663 
55 
10 200.31 546.55 44.88465 0.19284 468.75 410.26 19.85512 0.16406 
9 87.15 477.51 8.1151 0.3234 192.45 377.69 8.9234 0.3245 
8 50.48 414.16 4.2584 0.3508 89.81 326.78 2.7046 0.3512 
7 38.87 353.79 2.9517 0.37518 51.36 288.78 1.39486 0.28635 
4 6.75 64.75 0.1349 0.43677 6.14 60.34 0.08429 0.39056 
During the experiment, a thixotropic behavior was observed (Fig.4).  Both A and B showed a hysteretic shear 
stress decline when the shear rate was released after finished step 1 and 2 in the experiment. When the sludge is 
sheared, the function of shearing forces (try to break the sludge structure) gradually overcame the colloidal forces 
(the resistant one), and results in solid structure destroy, which happened magnificently instant. However, when 
shear released, the inner particles need more time to rebuild21. Thus the process for shear stress to recover slows 
down and results in the hysteretic shear stress decline, performing a thixotropic behavior. As described above, the 
variation of thixotropy can be evaluated by the value of rHa, which is presented in Table 2. As the rHa value for A 
always higher than B’s with the same solids concentration at the same temperature (Table 2), the obstruction for the 
inner particles for A in its reconstruction process was less strong than that of B. 
 
 
Fig. 4. Thixotropy behavior of A and B for 10% TS content at 35ć Fig. 5. rHa as a function of TS content for A and B at different 
temperature 
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Solids concentration and temperature influence rHa significantly (Fig.5). For both type of sludge, the variation of 
rHa increased with solid concentration at the same temperature, while it decreased with temperature with the same 
solids concentration. Besides, the rHa values were relatively close to each other for A and B in low solids 
concentration, while it sharply increased in higher solids concentration. According to Liu, this may be caused by the 
increasing inter-particle friction and collision possibility with the rising concentration, which is in agreement to 
earlier research21,22. 
3.2. Rheological data processing and analysis 
In order to determine the best predictive model for the experimental data, three main rheological models (Ostwald 
de Vaele model, Herschel-Bulkley model and Bingham model) were used to investigate the dependence of shear 
stress on shear rate. Take A as an example, the fitting results by the three models for experimental data in A with 
solids concentration of 4%, 7% and 10% at 35ć are listed in Table 3. According to the value of R2, all models 
fitted the results well. Nevertheless, better correlation was given by Ostwald de Vaele model and Herschel-Bulkley 
model, rather than Bingham model in all TS content. Besides, at high solids concentration (e.g. 10%TS), Herschel-
Bulkley model satisfied the predictability better, as its R2 value was the highest (i.e. 0.9865). However, with the 
decrease in solids concentration, the value of R2 for Ostwald de Vaele model (0.9864 for 7%TS, 0.9109 for 4%TS) 
became greater or equal to Herschel-Bulkley model’s (0.9862 for 7%TS, 0.9109 for 4%TS). In addition, the value 
of ߬଴ using Herschel-Bulkley model for A with 7%TS turned negative, which is physically impossible. This also 
suggested that Herschel-Bulkley model is not the most highly predictable and fitting one. Therefore, Ostwald de 
Vaele model was the best fitting model for sludge samples. 
Table 3 Fitting results of different models of rheological properties of A at 35ć 
TS Ostwald de Vaele model Herschel-Bulkley model Bingham model 
(%) ɒ ൌ  כ γ୬ ɒ ൌ ɒ୭ ൅  כ γ୬  τ ൌ τ୭ ൅ η כ γ 
K n ଶ τ୭ K n ଶ τ୭ η ଶ 
10 50.9802 0.2374 0.9827 22.2373 7.6659 0.3719 0.9865 47.445 0.143 0.9361 
7 3.25568 0.39724 0.9864 -0.3968 3.2016 0.2936 0.9862 7.9218 0.0327 0.9095 
4 0.18681 0.4832 0.9109 0.2192 0.0742 0.6109 0.9109 0.6791 0.007 0.895 
In particular, using Ostwald de Vaele model to fit all the experimental data for A and B, the Ostwald de Vaele 
parameters k and n are reported in Table 2. Both k and n were proportional to solids concentration for A and B at a 
comparable temperature. This suggested that, with the increasing solids content, the degree of viscosity and 
pseudoplastic deepened. The variation in k with increasing solids concentration for A was more visible, compared to 
B. Meanwhile both the value of n for A and B expressed a consistent trend of increment with higher solids 
concentration. Thus, with the decrease in solids concentration, sludge samples became thinner and performed more 
like Newtonian fluid, which also explained the phenomenon that the ଶ coefficients reduced with the declining 
solids concentration value. 
The influence of temperature variation was less obvious on the value of k and n. The value of k was in inverse 
proportion to temperature, whilst the value of n fluctuated slightly within the temperature range to achieve a better 
modeling fit. This suggested that the variation in temperature have less significant influence on the value of k and n 
when comparing with solids concentration. 
The correlation between limit viscosity and solids concentration can be interpreted by the exponential model 
(eq.5), which is in good agreement with previous studies23. Table 4 reports the modeling parameters a, b and R2. The 
F value and Prob˚F showed that this model fits the data well. At different temperature, the value of R2 for each type 
of sludge samples remained relatively steady. Thus reveals that temperature is a rather weak influence factor in 
modeling limit viscosity. Although the exponential model fits both A and B, higher values for R2 were found in 
modeling for B. Hence, when finding the relationship between rheological parameters such as limit viscosity, the 
origin of the sludge should be taken into consideration. 
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Table 4 Modeling statistical assessment for limit viscosity vs TS 
A(without anaerobic digestion) B(with anaerobic digestion) 
T(ć) a b R2 F value Prob˚F a b R2 F value Prob˚F 
20 0.25364 0.73812 0.98908 394.8727 2.79E-04 0.18199 0.79894 0.99197 505.6049 1.93E-04 
35 0.27399 0.69509 0.98017 228.5275 6.28E-04 0.14391 0.81419 0.99562 909.949 8.00E-05 
55 0.20727 0.68536 0.97877 216.5006 6.81E-04 0.10969 0.83544 0.99715 1369.191 4.34E-05 
The suitable correlation of rHa with solids concentration at different temperature is given by the power model 
(eq.4), which is consistent with previous research by Battistoni24. Table 5 displays the value of a, b and R2. The F 
value and Prob˚F suggested that this model describes the data appropriately. Moreover, if we analyze the different 
temperature altogether, a notable relevance is found with R2, thus highlighting that temperature strongly impacts the 
veracity of modeling predictability. Specifically, when temperature turned from 35ć to 55ć, the variation in R2 for 
A was 98.39% and 96% for B, which indicated that besides power model parameters, other parameters should be 
introduced. 
Table 5 Modeling statistical assessment for rHa vs TS 
A(without anaerobic digestion) B(with anaerobic digestion) 
T(ć) a b R2 F value Prob˚F a b R2 F value Prob˚F 
20 0.02464 5.03462 0.98989 496.17511 1.98E-04 0.02029 4.99881 0.98756 410.00367 2.63E-04 
35 0.10627 4.21312 0.98912 544.92836 0.03325 3.33E-02 4.71968 0.98512 360.89968 3.18E-04 
55 11.835 1.68348 0.94193 204.87832 12.86241 1.29E+01 1.53069 0.92121 166.62968 1.00E-03 
4. Conclusion 
In this study, rheological characteristics were investigated for dewatered sludge from two different origins 
(process without or with anaerobic digestion) with solids concentration of 4%, 7% and 10% at temperatures of 20ć, 
35ć, 55ć. The results revealed that the Ostwald de Vaele model was the most suitable one to describe sludge 
rheology for sludge samples. It was also found that solids concentration and temperature both impact the sludge 
rheology. At comparable temperature, the value of shear stress, limit viscosity, reduced hysteresis area (rHa) and 
Ostwald de Vaele parameters k and n all increased with solids concentration. For instance, the value of limit 
viscosity for A varied from 9.82 mPa s-1 to 412.69 mPa s-1 with the TS content rised from 4% to 10% at room 
temperature, while in the meantime the value of rHa increased from 109.06 mPa s-1 to2643.03 mPa s-1. Besides, with 
a constant solids concentration, these rheological parameters all decreased with the increment in temperature. The 
relationship between limit viscosity and solids concentration followed the exponential model, whilst the function of 
reduced hysteresis area and solids concentration was well described by power model. In general, dewatered sludge 
with anaerobic digestion process performed less viscous and be less influenced by solids concentration or 
temperature change, when comparing to that without anaerobic digestion.  
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